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Abstract 
During large-scale storage, the temperature of CO2 entering a storage formation may be significantly lower than the formation 
temperature. This difference in temperature introduces a thermo-elastic stress that reduces the critical pressure required for 
initiation of fractures. The initiation and propagation of fractures from injection wells are primary considerations during project 
risk assessment. The nominal fracture gradient does not account for thermo-elastic effects. Consequently, nominally safe 
injection rates could nevertheless create fractures.   
 
This work describes a model with which operators and regulators can estimate the safe injection pressure range to avoid fracture 
initiation at an injection well. We design a simple model for heat transfer in the wellbore and use it to predict the range of bottom 
hole fluid temperature, and hence the range of thermo-elastic stress, for different storage strategies. We use the model to evaluate 
the sensitivity of thermo-elastic stress to thermal and operating parameters, then relate the thermo-elastic stress to the critical 
pressure for fracture initiation. A dimensionless group is introduced to describe the influence of injection rate and heat transfer 
between wellbore fluid and surrounding formation. Commercial software (PROSPER) is used to verify the simple heat transfer 
model in different injection strategies.   
 
The model offers several insights into risk mitigation. The range of wellbore heat transfer coefficients for which thermo-elastic 
effects are small provides a performance target for wellbore construction and completion materials, should an operator wish to 
reduce fracturing risk in this manner. Thermo-elastic stress in shale is typically larger than in sandstone. Thus injection into a 
storage formation near its overlying seal could lead to fracturing the seal even when the storage formation remains intact. The 
thermoelastic effect is more significant in shallow formations because the difference between formation and bottomhole 
temperature changes slowly at greater depths. Thus achieving commercial storage rates without inducing fractures will be easier 
in deeper formations. The safe injection rate does not increase in proportion to an increase in formation permeability because the 
influence of thermo-elastic stress is greater in high permeability formation. These observations suggest that further work should 
be undertaken to determine the extent to which fractures propagate, once initiated.  
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1. Introduction 
Geological storage of CO2 can be a technically feasible way 
to reduce emissions of man-made greenhouse gas into the 
atmosphere [1], but the risks of each storage project must be 
properly assessed. One of the most important CO2 storage risks 
is the possibility of affecting surrounding environments, e.g. 
leakage through fractured formations to upper formations or 
surface, Figure 1. Hence, initiation and propagation of fractures 
should be a primary consideration during project risk assessment 
and a key feature of regulatory and monitoring activities.  
The criterion for fracture initiation is the difference the 
parting pressure of the formation and the pore fluid pressure. 
The first-order influences on parting pressure for formations at 
depths relevant to CO2 storage are the principal horizontal 
stresses. Earth stresses are not the only factor, however. 
Waterflooding operations in the oil industry have demonstrated 
that fracture initiation and propagation are also closely related to 
thermal conditions of the formation and injection fluid. This 
dependence has potentially important implications for CO2 
storage because the temperature of CO2 entering a storage 
formation may be significantly lower than the temperature of the 
formation throughout the decades-long period of injection. The 
difference in temperature introduces a thermo-elastic stress that 
reduces the critical pore fluid pressure required for fracture 
initiation [2]. The nominal fracture gradient, which is typically 
0.016 MPa/m (0.7 psi/ft), accounts for lithostatic and hydrostatic stresses but not thermo-elastic effects. 
Consequently, nominally safe injection rates could nevertheless create fractures.   
To investigate this possibility, we design a simple model of heat transfer along the wellbore to predict Tbh, the 
temperature of the fluid when it reaches the bottom of the hole. Overall heat transfer coefficient (U) and injection 
rate ( ) are the two main factors controlling Tbh. The range of possible Tbh is bounded above by the local 
geothermal gradient (applicable when heat transfer between CO2 in the wellbore and surrounding formation is very 
fast), and below by the adiabatic path (applicable when heat transfer is very slow). Between these two bounds, 
different U and  are combined for different injection strategies to compare the influence of heat transfer on Tbh.  
After investigating the influence of temperature difference, we focus on the effects of other crucial factors such 
as formation mechanical and thermal properties. The range of thermo-elastic stress in typical sandstone and shale is 
evaluated. After quantifying the range of thermo-elastic stress, we re-evaluate the critical pressure for fractures 
initiation (breakdown pressure) by adding a thermal term in its definition [3]. Consequently, we can obtain a related 
maximum safe injection rate to be a guide for regulatory and monitoring activities.  
2. Method  
2.1.   Model 
The thermo-elastic stress of formation rock  reduces the critical pore fluid pressure for fracture initiation Pb 
as shown below, 
min max3    
T
b h H pP S S P   (1) 
where Shmin, SHmax are minimum and maximum horizontal principal stress and Pp is pore fluid pressure.   
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Figure 1. Sketch of CO2 injection well and subsurface 
formations. Storage in saline aquifer composed of sandstone 
and sealed by shale above. Heat can be transferred from the 
warmer earth formations to the CO2 as it flows down the 
wellbore. When bottom hole fluid pressure exceeds the 
critical fracture initiation pressure, the rocks surrounding the 
wellbore break and the fractures can be potential conduits 
for leakage. 
Z. Luo, S. Bryant / Energy Procedia 4 (2011) 3714–3721 3715
 Author name / Energy Procedia 00 (2010) 000–000 3 
The definition of thermo-elastic stress, Eq.(2), shows that  is the only operationally controlled factor affecting 
. The mechanical properties, Young’s modulus E, Poisson’s ratio , and coefficient of thermoelasticity , are 
fixed by nature of the storage formation [4], 
1

 

T T E T
v
  (2) 
To evaluate the range of thermo-elastic stress possible during CO2 storage, a model is built to constrain the 
boundaries of the temperature of bottomhole fluid (Tbh). The upper bound of the temperature of bottomhole fluid is 
the same as the formation temperature. This bound applies when heat transfer between CO2 in the well pipe and 
surrounding formation is very fast compared to the flow rate. In this case, the thermoelastic stress is zero and the 
fracture initiation pressure is the same as obtained from the nominal fracture gradient with Equ. (1).  
The lower boundary of the temperature of bottomhole CO2 can be determined by assuming an adiabatic process 
during injection. In an ideal adiabatic process, there is no heat exchange with surrounding formations and the 
specific entropy of the fluid does not vary with depth in the wellbore. Hence, the temperature change is only due to 
enthalpy change from wellhead to well bottom. This adiabatic assumption can approximately describe the heat 
transfer process when the injection rate is sufficiently high and heat transfer coefficient of the equipment is 
relatively small.  
Between the two extreme cases, the values of heat transfer coefficient U and injection rate  should be 
considered. U accounts for the radial flux of heat through the tubing containing CO2, and the successive annuli of 
completion fluid, casing, mud, cement etc. to the surrounding formation (Figure 1). We assume no radial 
temperature gradient in the fluid within the wellbore. Applied to this process the energy balance reads [5], 
2
0
2
 	

       

 
 
mvH mgz Q  (3) 
or for a differential element of fluid 
ˆˆ
  
dH dQ dvg v
dz dz dz
 (4) 
where H, v, m, and z are enthalpy, average velocity, mass of control volume, depth of an element of CO2 in the 
wellbore, respectively, Q is heat transferred between CO2 and surroundings, and the caret ^ indicates a specific 
quantity (per unit mass). The heat transfer process can be described as, 
 
ˆ 2
surr
dQ RU T T
dz m

  

 (5) 
where R,T and Tsurr are wellbore radius, temperature of CO2 and temperature of surrounding formation. We take Tsurr 
=T0+Gz where T0 is surface temperature, and G is geothermal gradient. 
Since the kinetic energy change is very small from wellhead to wellbottom, we ignore that term in energy 
balance Equ.(4). From the definition of enthalpy per mass Hˆ , 
ˆ pdH c dT  (6) 
By collecting and combining terms in Equ. (4) and Equ. (5), we obtain 
 2 surr
p p
RU T TdT g
dz c m c
 
 

 (7) 
Replacing the mass flow rate with the volumetric flow rate and assuming a constant (average) density yields 
022 2
p p p p
UTdT U UG gT z
dz c vR c vR c vR c  
 	
    
 
 
 
 (8) 
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where m q vA   , and 2A R . Density () and specific heat capacity (cp) of CO2 are functions of pressure and 
temperature. Hence, they vary with position in the wellbore. However, for conditions typical of CO2 storage, neither 
property changes dramatically from well head to well bottom. In the -T-P and cp-T-P diagrams of Figure 2, the 
paths of typical T and P variation along a wellbore (solid black lines, obtained from Figures 3 and 4) do not cross 
many contours of either property. We thus use mean values of  and cp in the model. The solution to Equ. (8) is: 
2 2( )
z
WHT z T e z
    
   
 	     
 
 
 
 (9) 
where 02 2 2, ,
p p p p
UT g UG U
c vR c c vR c vR
  
  
     and TWH is the temperature of the CO2 at the wellhead. 
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Figure 2. (a) Variation of  of pure CO2 for temperature and pressure range from well head to well bottom; (b) variation of cp of pure CO2 for 
temperature and pressure range from well head to well bottom; model parameters are given in Table 1. The black solid curves are the paths (T,P) 
of CO2 fluid in injection wells with various M. This shows cp does not change dramatically in this study. The units of   and cp are kg/m3 and 
kJ/(kg ·C), respectively. 
 
Table 1. Conditions for Injection Well 
Wellhead temperature, TWH 15 °C 
Wellhead pressure, PWH 7MPa 
Earth surface temperature, T0 20 °C 
Geothermal gradient, G 30 °C/km 
Wellbore radius, R 0.1m 
 
Then we set M as a dimensionless group in the solution of Eq. (8) as, 
p p
U UAM
c v c m
 

 (10) 
The temperature difference between bottomhole fluid and formation is, 
2
0( ) ( )2 2 2 2
Mz
Rsurr Wh
p p
g R GR g R GRT T T z T T e
c M M c M M

           (11) 
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From Eq. (11), we see that  approaches a constant value as depth increases. This is because from Eq. (9) at 
large depth the profile of T(z) becomes parallel to geothermal gradient line, Figure 3. We introduce a critical depth zc 
such that when z > zc,  is within 5% of the asymptotic value. The value of zc can be deduced from the definition 
of  as follows, 
( ) 0.95
2 2
c
p
T z
g R GR
c M M


 
 (12) 
3. Results and Discussion 
3.1. Temperature Range of the Bottomhole Fluid  
We illustrate the model for the parameters given in Table 1, allowing injection rate and overall heat transfer 
coefficient to vary. The dimensionless group M increases as the rate of heat transfer increases or the rate of injection 
decreases. From Figure 3, the profile of T(z) approaches its upper boundary, geothermal gradient line, as M 
increases. Moreover, the temperature profile approaches a slope equal to the geothermal gradient at shallower depths 
when M is large. When T(z) attains constant slope,  no longer varies with depth. Correspondingly, the thermo-
elastic stress becomes constant below the critical depth zc. 
With depth increasing, the pressure of fluid in the wellbore is shown in Figure 4. The influence of M on pressure 
is not as large as on temperature. The pressure is constrained in a narrow range. From the relationship between z and 
(T, P), we can draw the variation of  and cp with any M in Figure 2. The assumption of constant cp is good for M 
greater than 10-4, while the assumption of constant  is good for M less than 0.5×10-4.  
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Figure 3. Temperature profiles of the model at different injection 
cases; other parameters are given in Table 1.. The solid red line 
(geothermal gradient) and blue line (adiabatic path) are the upper and 
lower boundaries of the temperature of CO2 in the wellbore. The 
profiles of T(z) gradually trend toward and finally parallel to the 
geothermal gradient line.  
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Figure 4. Model predictions of CO2 fluid pressure profiles in injection 
wells. The storage formation is at 1000 meter depth, and other 
parameters are given in Table 1. 
The value of  is sensitive to injection rate, as depicted in Figure 5. Consider a target storage formation at a 
depth of 1000 m with an injection well of fixed values of U and A. Since cp varies only slightly, the dimensionless 
group M will vary inversely with injection rate in this well. For pilot test with small injection rate (several metric 
tons per day), M is large and  is small. But for commercial storage rates (several thousand tons per day), M will 
be three orders of magnitude smaller. Consequently  is likely to be large, and the thermoelastic stress will be 
much larger than during the pilot.   
To verify this simple model, we compare it to the calculations from commercial software PROSPER in Figure 6. 
T(z) is lower in the our model due to neglect of friction loss. The results from both the model and PROSPER 
indicate that the thermo-elastic stress should not be ignored in operation strategy.  
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Figure 5. T variation with flow rate (inversely proportional to M) for 
injection at 1000m depth. For pilot test injection, M trends to large 
values and T is small, which means thermo-elastic stress is 
correspondingly low. At commercial scale with large injection rate, M 
is smaller and approaches the case of adiabatic condition through the 
wellbore pipes, which means thermo-elastic stress is relatively high 
and cannot be ignored.  
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Figure 6. Simulation results of temperature profiles at different 
injection cases by PROSPER. T(z) in PROSPER is larger than that in 
our model, since we ignore friction energy loss in energy balance 
equation.  
 
3.2. The Influence of Formation Mechanical Properties on Thermo-Elastic Stress  
Besides the temperature difference , thermo-elastic 
stress also depends on the mechanical properties of 
formation rocks. Since the Young’s modulus and Poisson’s 
ratio of shale are different from those of sandstone, Table 2, 
the thermo-elastic stress in shale can be as much as two 
times that in sandstone for the same  (Figure 7). This 
means that the critical pressure for fracture initiation in 
shale is much lower than in sandstone. In other words, shale is 
easier to fracture than sandstone.  
This implies that the cap rock (shale) is easier to fracture than 
the aquifer (storage formation). If the perforated interval in an 
injection well is sufficiently close to the overlying shale, the 
fluid pressure and thermoelastic stress could initiate a fracture in 
the shale. This could occur even if the storage formation is not at 
risk of fracturing. Subsequent leakage through fractures in the 
cap rock is then possible, depending on whether the initiated 
fractures could be propagated into the shale. A conservative 
constraint on injection pressure would thus be to prevent the 
bottomhole pressure from becoming larger than the critical 
pressure for fracturing in shale. More work is needed to justify 
imposing such a constraint, the main question being how near 
the shale the uppermost perforations would have to be in order for the thermoelastic effect to be significant.    
3.3. The Influence of  Thermo-Elastic Stress and Permeability on Maximum Safe Injection Rate 
In this study, our primary concern is commercial injection rates and correspondingly low M (as shown in Figure 
5). In that case, T increases with depth of the storage formation, but the rate of increase declines to zero for 
depths below zc. In Figure 8, the intersections of red line (bottomhole pressure) with black solid line (thermoelastic 
fracture pressure) and with black dashed line (nominal fracture pressure) determine the flow rate at which a fracture 
would be initiated in the formation. Bottomhole pressure is calculated using the single phase steady state radial flow 
equation [6], with an effective viscosity chosen to account for the multiphase flow phenomena [7]. The thermo-
Table 2. Mechanical Properties for Typical Sandstone and Shale 
 Sandstone (Aquifer) Shale (Cap rock) 
T 1.50E-05 K-1 1.50E-05 K-1 
E 0.1-30 GPa 0.4-70 GPa 
v 0-0.45 0-0.3 
M=1e-4
G=30C/km
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Figure 7. Thermo-elastic stress in sandstone (storage 
aquifer) and shale (cap rock) at different depths using Esst 
=30GPa, Eshale =70GPa; sst=0.45, shale=0.3. 
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elastic stress greatly decreases the critical pressure for fracturing. In the low permeability storage formation (k = 10 
mD) of Figure 8a, the nominal critical pressure is 21 MPa, but the thermoelastic critical pressure is 13 MPa. 
Consequently the critical injection rate drops to 169 ton/D when thermal effects are accounted for, nearly four times 
smaller than the nominal critical rate of 610 ton/D.   
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Figure 8. The influence of thermo-elastic stress on maximum injection rate for storage aquifers at a depth of 1000 m with permeabilities (a) 10 
mD and (b) 100 mD. The intersection of red and black solid lines indicates the critical pressure for fracturing accounting for thermo-elastic stress, 
and hence the maximum safe injection rate. The intersection of red solid line and black dashed line indicates the nominal (ignoring thermoelastic 
effects) maximum injection rate and nominal maximum safe bottom hole pressure. Other properties are U = 20 W/(m2K), well radius R=0.1m.  
This effect is even more pronounced in the moderate permeability aquifer (k = 100 mD) of Figure 8b. By 
increasing the permeability of the aquifer by ten times (from 10 md to 100 md), the nominal maximum safe injection 
rate increases ten times (to 6100 ton/D from 610 ton/D). However, the influence of thermo-elastic stress reduces the 
safe injection rate to 240 ton/D, only 50% more than the safe rate in the low permeability aquifer. Thus the 
relationship between storage formation permeability and maximum injection rate is nonlinear when thermoelastic 
effects are included.  
4. Conclusion 
Thermo-elastic stress where injected CO2 enters the storage formation depends on the efficiency of heat transfer 
between fluid in the wellbore and surrounding formations relative to the injection rate. The thermo-elastic stress has 
a great influence on the critical pressure for fracture initiation when the injection rate is sufficiently large. Moreover, 
due to the difference in formation mechanical properties, thermo-elastic stress in shale (cap rock) can be twice as 
high as that in sandstone (storage aquifer) making shale is easier to fracture than sandstone. For commercial 
injection and storage at large rates, the influence of thermo-elastic stress decreases the maximum injection rate 
significantly compared to the rate at the nominal fracture pressure. The reduction is more severe in higher 
permeability aquifers.  
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